Background: Anesthetics are widely used to induce unconsciousness, pain relief, and immobility during surgery. It remains unclear whether the use of anesthetics has significant and long-lasting effects on synapse development and plasticity in the brain. To address this question, the authors examined the formation and elimination of dendritic spines, postsynaptic sites of excitatory synapses, in the developing mouse cortex during and after anesthetics exposure. Methods: Transgenic mice expressing yellow fluorescence protein in layer 5 pyramidal neurons were used in this study. Mice at 1 month of age underwent ketamine-xylazine and isoflurane anesthesia over a period of hours. The elimination and formation rates of dendritic spines and filopodia, the precursors of spines, were followed over hours to days in the primary somatosensory cortex using transcranial two-photon microscopy. Four to five animals were examined under each experimental condition. Student t test and Mann-Whitney U test were used to analyze the data. Results: Administration of either ketamine-xylazine or isoflurane rapidly altered dendritic filopodial dynamics but had no significant effects on spine dynamics. Ketamine-xylazine increased filopodial formation whereas isoflurane decreased filopodial elimination during 4 h of anesthesia. Both effects were transient and disappeared within a day after the animals woke up. Conclusion: Studies suggest that exposure to anesthetics transiently affects the dynamics of dendritic filopodia but has no significant effect on dendritic spine development and plasticity in the cortex of 1-month-old mice.
G ENERAL anesthetics are essential clinical tools to produce reversible loss of consciousness, block pain sensation, and prevent movement during surgery. Although it is widely perceived that general anesthetics are safe, there is a growing concern about their long-lasting detrimental effects on brain structure and function, particularly in infant and juvenile populations. [1] [2] [3] [4] Studies in developing rodents and monkeys have found that exposure to anesthetics can result in widespread apoptotic neuronal degeneration and late cognitive impairment. [5] [6] [7] [8] [9] [10] Although it is unclear whether the results of these animal studies can be extrapolated to humans, a recent population-based cohort study in children suggests that receiving multiple anesthetics may be a significant risk factor for later development of learning disabilities. 11 General anesthetics have been shown to alter neuronal activity by affecting molecular targets including N-methyl-D-aspartate (NMDA) receptors, ␥-aminobutyric acid type A receptors, and K ϩ channels. [12] [13] [14] Because neuronal activity plays a critical role in synaptogenesis, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] exposure to anesthetics may have a significant and long-lasting effect on neuronal connectivity in the developing brain and thereby contribute to learning and cognitive deficits later in life. Indeed, recent studies suggest that isoflurane exposure for 2 h signif-icantly reduces the synapse number in mouse hippocampus at postnatal days (PNDs) 5-7. 25 In the mouse somatosensory cortex and hippocampus at PNDs 15 and 20, 5 h of anesthesia with midazolam, propofol, or ketamine causes a significant increase in the density of dendritic spines, 26 which are the postsynaptic sites of most excitatory axodendritic synapses in the brain. 27, 28 Furthermore, a substantial increase in dendritic spine density is observed in rat medial prefrontal cortex after exposure to isoflurane, sevoflurane, or desflurane for 30 -120 min at PND 16. 29 Despite various effects of anesthetics on synaptogenesis in the rodent brain within the first 2-3 weeks after birth, little is known about the effect of anesthesia on synapse development in late postnatal life. In 1-month-old mice, dendritic spine remodeling in the cerebral cortex is substantially higher than that in adult mice (older than 4 months). 30, 31 A recent study on 1-month-old mice showed no change of dendritic spine density in different brain regions after 5 h anesthesia with midazolam, propofol, or ketamine. 26 However, this study was performed with fixed brain preparations that only reveal the net change in spine number but do not provide information on the degree of spine formation and elimination. Thus, it remains unclear whether exposure to general anesthetics has any transient and/or long-lasting effects on dendritic spine development and plasticity in late postnatal life.
In this study, we used transcranial two-photon microscopy to examine individual dendritic spines of layer 5 pyramidal neurons in the somatosensory cortex of 1-month-old mice during and after exposure to two commonly used anesthetics: ketamine-xylazine (K-X) and isoflurane. 31, 32 We found that a 4-h exposure to K-X or isoflurane altered the dynamics of dendritic filopodia, precursors of spines, but had no significant effects on dendritic spine dynamics. Furthermore, the effect of K-X or isoflurane on filopodia was transient and disappeared within 1 day after the animals woke up. These findings suggest that 4-h exposure to K-X or isoflurane has no long-lasting effect on dendritic spine development in the mouse cortex during late postnatal life.
Materials and Methods

Experimental Animals
Mice expressing yellow fluorescent protein in layer 5 pyramidal neurons (H-line) 33 were purchased from the Jackson Laboratory (Bar Harbor, ME) and group-housed in the Skirball animal facilities. All experiments were done in accordance with institutional guidelines (NYU Medical Center Animal Care and Use Committee, New York, NY). In all experiments, 1-month-old animals were used.
Anesthesia Procedure
Animals were given an intraperitoneal injection (5.0 ml/kg body weight) of K-X mixture containing 17 mg/ml ketamine and 1.7 mg/ml xylazine in 0.9% sodium chloride solution. For continuous imaging with K-X, subcutaneous injections (2.5 ml/kg body weight) of this mixture were given to animals every 1.5 h after the initial injection. For low-dose K-X administration, the initial injection was given at the concentration of 2.5 ml/kg body weight. To determine the effect of the NMDA receptor antagonist MK801, MK801 (0.25 g/g body weight) was injected into the peritoneum of awake mice right after the first imaging session. For isoflurane anesthesia, animals received 1.5% isoflurane through continuous oxygen flow for the induction of anesthesia and 1.0% isoflurane for the maintenance of anesthesia. During the experiment, a heating pad was used to maintain the animal's body temperature at approximately 37°C. In a different group of animals, we measured arterial blood gases under spontaneous respiration after 3-4 h anesthesia with the i-STAT system (Abbott Point of Care, Princeton, NJ). The analysis showed normal partial pressure of oxygen (K-X: 130 Ϯ 4 mmHg; isoflurane: 149 Ϯ 2 mmHg), slightly decreased pH (K-X: 7.27 Ϯ 0.10; isoflurane: 7.32 Ϯ 0.07) and moderately increased and normal partial pressure of carbon dioxide (K-X: 58.5 Ϯ 23.7 mmHg; isoflurane: 43.8 Ϯ 8.5 mmHg) under both K-X and isoflurane anesthesia, respectively, which are consistent with previous studies. 34, 35 In Vivo Transcranial Two-photon Imaging Surgical Procedure for In Vivo Imaging. The surgical procedure for imaging anesthetized animals has been described previously. 32 During surgery mice were deeply anesthetized with K-X or isoflurane (see anesthesia procedure). The skull surface was exposed with a midline scalp incision and a small skull region (approximately 200 m in diameter) was located over primary somatosensory cortex based on stereotaxic coordinates. A custom-made, stainless steel plate was glued (ethyl cyanoacrylate) to the skull with a central opening over the cortical region of interest. To create a cranial window for imaging, a high-speed drill was used to carefully reduce the skull thickness by approximately 50% under a dissecting microscope. The skull was immersed in the artificial cerebrospinal fluid during drilling to avoid damage of the underlying cortex due to friction-induced heat. Skull thinning was completed by carefully scraping the cranial surface with a microsurgical blade to approximately 20 m in thickness. The entire surgical procedure usually took less than 30 min, and the imaging took place immediately after the skull thinning. After imaging, the plate was gently detached from the skull, and the scalp was sutured with 6 -0 silk.
For imaging of awake animals, the surgical procedure as previously described was performed 1 day before the imaging session, except that the steel plate was mounted on top of the skull with both cyanoacrylate glue and dental acrylic cement to ensure the tight bond between the skull and the plate. The animals were then returned to their own cages to recover and to avoid lingering effects of anesthetics before the imaging session started. After the mice woke up from the surgery, animals were habituated to the imaging setup for a few times to minimize potential stress-related changes of spines and filopodia. In Vivo Imaging of Dendrites. To reduce respiration-induced cranial movements during imaging, the steel plate on the animal's head was screwed to two metal bars that were located on both sides of the animal's head and fixed to a solid metal base. The entire animal was placed under either a Bio-Rad multiphoton microscope (Bio-Rad Laboratories, Hercules, CA) or a custom-made two-photon microscope. The Ti-sapphire laser was tuned to the optimal excitation wavelength for yellow fluorescent protein (920 nm) while using low laser power (less than 40 mW at the sample) to minimize phototoxicity. The images were acquired using a 60ϫ waterimmersion objective at zoom of 1.0 -3.0. A stack of image planes within a depth of 100 m from the pial surface was collected, yielding a full three-dimensional data set of dendrites in the area of interest. The step size was 2 m for the initial low magnification image (no zoom) for relocation at later time points and 0.75 m for all the other experiments (3.0ϫ zoom). Data Quantification. Data analysis was performed as described previously. 30, 31, 36 Consistent with previous studies, we found that a sustained trend of dendritic plasticity could be acquired from four to five animals with 150 -200 dendritic protrusions (spines and filopodia) quantified in each animal. 18, 30, 31, 36 The formation and elimination rates of spines/filopodia were measured as the number of spines/ filopodia formed or eliminated divided by the number of spines/filopodia existing in the initial image. To determine formation and elimination of dendritic protrusions over time, the same dendritic segments were identified from three-dimensional image stacks with high image quality (signal: background noise ratio more than 4) taken from both time points. The number and location of dendritic protrusions (protrusion length more than one third dendritic shaft diameter) were identified in each view. Filopodia were identified as long, thin structures without enlarged heads (generally twice as long as the average spine length, head: neck diameter ratio less than 1.2, length: neck diameter more than 3). The rest of the protrusions were classified as spines. Spines or filopodia were considered the same ("stable") between two views based on their spatial relationship to adjacent landmarks and their relative position to immediately adjacent spines. Spines or filopodia in the second view were considered different if they were more than 0.7 m away from their expected positions based on the first view.
Statistics
All data were presented as mean Ϯ SD. SigmaPlot (Systat Software Inc, Chicago, IL) was used to conduct the statistical analysis. Tests for differences between populations were performed using two-tailed Student t tests with n being the number of animals. Significant levels were set at P Յ 0.05. Use of Mann-Whitney U test also confirmed all the conclusions.
Results
To study the effect of general anesthetics on synapse development, we measured the formation and elimination rates of dendritic spines in the primary somatosensory cortex of 1-month-old mice with or without K-X anesthesia ( fig. 1A -D). In awake control mice that had received K-X the day before imaging but none during the imaging session, we found that the rates of newly formed and eliminated dendritic spines were 1.0 Ϯ 0.6% (mean Ϯ SD) and 0.8 Ϯ 0.7% over 1 h, respectively, and 1.5 Ϯ 0.6% and 1.3 Ϯ 1.1% over 4 h. K-X anesthesia for 1 h or 4 h had no significant effect on the formation and elimination of dendritic spines compared with the controls (1 h K-X: 0.9 Ϯ 0.3% formed, P Ͼ 0.6; 0.5 Ϯ 0.9% eliminated, P Ͼ 0.6; 4 h K-X: 1.9 Ϯ 0.7% Fig. 1 . Administration of ketamine-xylazine rapidly increased the formation of dendritic filopodia but not spines over hours. A and B, In vivo time-lapse imaging of the same dendritic segments over 4 h in the primary somatosensory cortex of 1-month-old animals that received no anesthesia (A) or ketamine-xylazine (K-X) anesthesia (B). Most dendritic spines on the same dendritic branches remained stable over 4 h whereas filopodia (asterisks) underwent rapid turnover. Scale bar, 2 m. C and D, Percentage of newly formed (C) and eliminated (D) dendritic spines over 1 and 4 h. Administration of K-X did not alter spine dynamics. E and F, Percentage of newly formed (E) and eliminated (F) dendritic filopodia over 1 and 4 h. K-X anesthesia led to a rapid increase of filopodial formation but had no effect on filopodial elimination. Percentages were calculated as the number of spines/filopodia formed or eliminated divided by the number of preexisting spines/filopodia. Each filled circle represents a single animal. Data are presented as mean Ϯ SD. **P Ͻ 0.01; ***P Ͻ 0.001.
Anesthetics and Dendritic Spine Dynamics
formed, P Ͼ 0.4; 1.0 Ϯ 1.1% eliminated, P Ͼ 0.7) ( fig. 1 , A-D). In addition, the rate of spine formation was comparable to the rate of spine elimination over 1 or 4 h in mice with or without K-X anesthesia (P Ͼ 0.2). Together, these results suggest that exposure to K-X for 1-4 h has no significant effect on the dynamics or density of dendritic spines.
Dendrites in the developing cortex contain not only dendritic spines but also filopodia, which are long, thin protrusions lacking a bulbous head. 37 Previous studies have shown that in 1-month-old mice, approximately 15% of total dendritic protrusions are filopodia in the primary visual and somatosensory cortex. 17, 18, 30, 31 Furthermore, whereas spines persist over weeks to months, filopodia are highly dynamic and undergo rapid turnover within hours. 30, 38, 39 In agreement with these studies, we found that in control mice that did not receive anesthesia the formation and elimination rates of dendritic filopodia were high: 24.7 Ϯ 5.7% and 19.0 Ϯ 10.7% over 1 h, 49.3 Ϯ 11.1% and 52.1 Ϯ 15.8% over 4 h ( fig. 1 , E and F). Notably, the rate of filopodial formation over 1 h was significantly higher in mice with K-X anesthesia (49.6 Ϯ 12.6%) compared with mice without anesthesia (P Ͻ 0.01; fig. 1E ). K-X anesthesia for 4 h further increased the formation of filopodia (98.6 Ϯ 7.0%) compared with the no-anesthesia control group (P Ͻ 0.001; fig.  1E ). On the other hand, there was no significant difference in the rate of filopodial elimination over 1 or 4 h between K-X anesthetized and nonanesthetized animals (P Ͼ 0.7; fig. 1F ). We also found that the effect of K-X on filopodial formation was dose-dependent: a lower dose (2.5 ml/kg initial injection) of K-X resulted in a lower formation rate of filopodia over 4 h (77.2 Ϯ 18.7%, P Ͻ 0.05). Thus, although exposure to K-X has no significant effect on spine dynamics or density, it causes a significant increase in the formation rate of dendritic filopodia.
To determine whether K-X has long-lasting effects on dendritic spines and filopodia, we imaged the same dendritic branches 8 h after the animals recovered from 4 h K-X anesthesia ( fig. 2A ). The animals appeared awake and reacted to visual and auditory stimuli between the 4 h and 12 h time points. We found no significant difference in spine formation (3.7 Ϯ 1.3% vs. 3.4 Ϯ 0.5%, P Ͼ 0.5) and elimination (3.0 Ϯ 0.8% vs. 2.4 Ϯ 0.5%, P Ͼ 0.2) over 12 h between animals with and without K-X anesthesia (fig. 2, B and C) . Moreover, the formation (77.2 Ϯ 9.2% vs. 71.3 Ϯ 6.8%, P Ͼ 0.2) and elimination (78.5 Ϯ 12.0% vs. 73.8 Ϯ 5.5%, P Ͼ 0.4) rates of filopodia over 12 h in anesthetized mice were comparable to those of nonanesthetized control subjects ( fig. 2, D and E) . These results suggest that 4 h K-X anesthesia has no significant long-lasting effect on spine and filopodial dynamics.
Previous studies have suggested that filopodia serve as the precursors of spines. 22,30,40 -42 To further investigate the effect of K-X, we identified new filopodia formed during the 4 h K-X anesthesia and examined the fate of these filopodia over the next 8 h (fig. 3A ). For filopodia formed within the 4 h K-X anesthesia, most of them (73.8 Ϯ 4.8%) were eliminated over the next 8 h when the animals woke up. This elimination rate was comparable to that of filopodia formed without anesthesia (79.3 Ϯ 5.7%). A small fraction of filopodia persisted over the next 8 h in mice with (16.7 Ϯ 8.0%) or without (14.5 Ϯ 7.1%) K-X anesthesia. Notably, 9.5 Ϯ 3.7% of new filopodia formed during 4 h K-X anesthesia were transformed into spines 8 h later. This percentage of transformation from filopodia to spines was not significantly different from that of nonanesthetized animals (6.2 Ϯ 4.1%, P Ͼ 0.2; fig. 3A ). Because more filopodia were formed during the 4 h K-X anesthesia, there were approximately 0.9% (fraction of total spines) more new spines transformed from filopodia in K-X anesthetized animals at the 12-h time point compared with no K-X control mice. Thus, new filopodia formed during the 4 h K-X anesthesia are largely eliminated and result in only a slight increase (less than 1%) in new spines 8 h later.
It is important to note that new spines transformed from filopodia are largely unstable. In fact, more than half of the new spines that were transformed from filopodia within 4 h were eliminated in the next 8 h, regardless of whether they were formed while the mice were awake or anesthetized ( fig.  3B ). Furthermore, when the fate of new spines formed over hours to days was followed over a period of 1 month, only 4.8 Ϯ 8.2% of spines formed within 12 h and 7.0 Ϯ 7.0% of spines formed within 2 days persisted 1 month later ( fig. 3C ). These results are consistent with previous findings showing 
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that most new spines are eliminated over subsequent weeks to months. 18 Taken together, these findings suggest that 4 h K-X anesthesia has little or no effect on the formation of new dendritic spines over long periods of time.
Previous studies have shown that ketamine is an antagonist of NMDA receptors and produces unconsciousness with analgesia. 43 Xylazine is an agonist of ␣2-adrenergic receptors and serves as an adjunct to ketamine anesthesia with sedative and muscle relaxant activities. 44 To test whether the increased rate of filopodial formation during K-X anesthesia could be due to NMDA receptor blockade, we administered an intraperitoneal injection of MK801 (0.25 g/g), another NMDA receptor antagonist, in awake animals. We observed that MK801 injection caused a high rate of filopodial formation (115.5 Ϯ 7.5% vs. 49.3 Ϯ 11.1%; fig. 4A ) comparable to that in animals anesthetized with K-X for 4 h (fig. 1E ). Over 12 h, the formation rate of filopodia was comparable between MK801 and saline-injected control animals (76.4 Ϯ 9.5% vs. 71.3 Ϯ 6.8%, P Ͼ 0.4; fig. 4A ), suggesting the effect of MK801 on filopodial formation is transient. 4B ). Together, these results suggest that the transient effect of 4 h K-X anesthesia on filopodial dynamics is likely mediated by NMDA receptor blockade.
To further investigate the effect of anesthetics on synapse development, we examined the dynamics of dendritic spines and filopodia after the animals were exposed to isoflurane anesthesia ( fig. 5 ). Similar to K-X, we found that isoflurane had no significant effect on the formation (0.9 Ϯ 0.4% vs. 1.5 Ϯ 0.6%, P Ͼ 0.2) and elimination (0.8 Ϯ 0.8% vs. 1.3 Ϯ 1.1%, P Ͼ 0.5) of dendritic spines over 4 h ( fig. 5 , A-C). Interestingly, the rate of filopodia elimination was significantly lower in isoflurane-anesthetized mice than in nonanesthetized control mice (18.7 Ϯ 3.4% vs. 52.1 Ϯ 15.8%, P Ͻ 0.05; fig. 5E ). The rate of filopodial formation over 4 h in isoflurane-anesthetized mice was also lower than that in control mice, although not statistically significant (32.2 Ϯ 10.1% vs. 49.3 Ϯ 11.1%, P ϭ 0.1; fig. 5D ). After the animals woke up for 8 h, there was no difference in filopodial elimination between animals with and without isoflurane (70.8 Ϯ 4.5% vs. 73.8 Ϯ 5.5%, P Ͼ 0.4), suggesting that similar to K-X, isoflurane also has a transient effect on filopodial dynamics.
Discussion
There is increasing evidence that anesthetics induce changes in the developing brain. 3, 4 However, the extent of such changes either as a function of the anesthetic, the developmental age of an animal, or the length of the exposure has not been well established. Delineation of these relationships is essential to the development of clinically relevant strategies that would minimize the effect of anesthetic exposure in neonates and during early childhood. Fig. 3 . Most newly formed filopodia and spines do not persist. A, The percentage of new filopodia formed over the first 4 h that were eliminated, that persisted as filopodia, or that were transformed to spines over the next 8 h. Most filopodia were eliminated, a small percentage persisted, and fewer than 10% of filopodia were transformed to spines. There was no significant difference between filopodia formed with and without ketamine-xylazine (K-X). B, Percentage of new spines persisting for 8 h. Fewer than half of the new spines formed within the first 4 h persisted for the next 8 h. There was no significant difference between spines formed with and without K-X. C, Percentage of new spines persisting for 1 month. Fewer than 7% of new spines formed within 12 h or 2 days persisted over 1 month. Each filled circle represents a single animal. Data are presented as mean Ϯ SD. 
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In the current study, we used in vivo two-photon microscopy to examine whether exposure to general anesthetics has long-lasting effects on the development and plasticity of dendritic spines in the primary somatosensory cortex of mice at 1 month of age. This intravital imaging approach allows monitoring of the same dendritic spines over extended periods of time in the living mouse cortex, and therefore provides a powerful tool to determine the extent of anesthetic-induced structural changes in neural circuits. By comparing dendritic spine plasticity in mice with or without anesthesia, we have found that exposure to K-X and isoflurane for 4 h has no significant effect on dendritic spine formation and elimination but transiently alters the dynamics of dendritic filopodia, the precursors of dendritic spines. The effect of both anesthetics on filopodial dynamics is transient such that the formation and elimination rates of filopodia return to the control level 8 h after animals recover from anesthesia. Furthermore, there is no significant difference in spine formation and elimination over 12 h between mice with and without 4 h anesthesia. Together, our results suggest that exposure to general anesthetics for 4 h has no significant long-lasting effect on synaptic connectivity in the mouse cortex during late postnatal development.
Our studies show that, during late postnatal development (1 month of age), K-X anesthesia leads to a transient increase of dendritic filopodia over 4 h and a slight increase (less than 1%) of new spines over the next 8 h. It might be argued that this small increase in new spines could have important functional consequences on the development of neural circuits. However, recent in vivo two-photon imaging studies have shown that in 1-month-old mice, approximately 6 -7% of spines were eliminated and formed over a 2-day interval in barrel and primary motor cortices under normal conditions. 18 Sensory enrichment and motor skill learning led to an additional 5-7% increase in new spine formation over 1-2 days in barrel and motor cortex, respectively. 18 Thus, the population of new spines associated with K-X exposure is much smaller than the population of new spines formed over 1-2 days under normal and enriched environments, suggesting that 4 h exposure to K-X has less effect on the development of neuronal connections than daily sensory or motor experience. Furthermore, consistent with previous studies, 18 most new spines formed over days were eliminated over subsequent weeks and months ( fig. 3 ). Taken together, our results suggest that long-lasting effects of anesthesia on synaptic connections are negligible in 1-month-old mice.
Recent studies from fixed brain preparations have shown that exposure to ketamine 45 and isoflurane 25 decreases synapse or spine density in hippocampus of neonatal rodents at PNDs 5-13. Five-hour exposure to ketamine 26 caused a significant increase in dendritic spine density in the somatosensory cortex of PNDs 15 and 20 but not PND 30 mice, and 2-h exposure to isoflurane 29 increased the spine density in the prefrontal cortex of PND 16 rats. These findings suggest that general anesthesia has a significant effect on the number of dendritic spines during early but not late postnatal development. However, because these studies were based on single time-point observations, it is not known whether K-X or isoflurane may have a significant effect on the rate of dendritic spine formation and elimination without affecting the net number of spines in late postnatal life. Using transcranial two-photon imaging to follow spine dynamics in the living mouse cortex, we found that K-X and isoflurane have only transient effects on dendritic filopodial dynamics without significant long-lasting effect on the dynamics and density of spines in the primary somatosensory cortex of 1-month-old mice. It is important to note that previous studies did not follow the fate of dendritic spines and filopodia associated with anesthesia in animals 2-3 weeks old. 26, 29 Therefore, it remains to be determined whether exposure to anesthetics in early postnatal development also has a transient, but not long-lasting, effect on the plasticity of dendritic filopodia and spines.
The mechanisms underlying K-X and isoflurane effects on dendritic filopodia remain unclear. Anesthetics alter neural activity and metabolism 46 and have variable effects on 
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blood pressure and cardiac output. 34, 35, [47] [48] [49] It has been shown in both rats 47 and mice 35 that K-X decreases arterial pH, increases partial arterial pressure of carbon dioxide, and decreases partial arterial pressure of oxygen. It is possible that the changes of neuronal activity and various physiologic parameters all contribute to the alteration of dendritic filopodial dynamics in the brain. A wide variety of experimental evidence has shown that neuronal activity/experience plays a vital role in regulating synaptogenesis in developing neural circuits. 16, 17, 20, 21, 23 It has been shown that ketamine inhibits glutamatergic signaling via blockade of NMDA receptors. Isoflurane also affects glutamatergic transmission by blocking release of glutamate, 50, 51 in addition to enhancing ␥-aminobutyric acid and glycine receptor transmission. 13, 14 Thus, K-X and isoflurane likely modulate neuronal activity through different mechanisms, and this differential modulation of neuronal activity may affect dendritic filopodial dynamics differently. Consistent with this notion, our studies showed that over a 4-h anesthesia interval, K-X preferentially increased the rate of filopodial formation whereas isoflurane mainly decreased the rate of filopodial elimination. MK801, an antagonist of NMDA receptors, produced a similar effect on filopodial dynamics as K-X, suggesting that the effect of K-X is due, at least in part, to blockade of NMDA receptor activity.
To our knowledge, our studies are the first to evaluate the effect of general anesthetics on the dynamics of synaptic structures in living animals using transcranial two-photon microscopy. Despite the advantage of being able to repetitively image the neuronal structures in the intact cortex of live animals, it is important to mention some potential limitations of using in vivo two-photon microscopy to study the effect of anesthetics on synapse development and plasticity and the strategies to overcome such limitations. First, previous surgery and related anesthesia is unavoidable during the animal preparation, and the awake, head-restraining situation may induce extra stress and cause changes in spine dynamics. It is important to minimize the potential effect of previous anesthesia by performing imaging on awake animals at least 1 day after anesthesia exposure and surgical preparation. It is also desirable to habituate animals to the imaging setup a few times on the day before imaging to minimize stress. Second, surgery may induce an inflammatory response and contribute to the alteration of spine and filopodial dynamics. Although skull thinning is a minor and noninvasive surgery, extra care must be taken such that the skull is not overthinned for imaging. Our previous study has demonstrated that carefully performed skull thinning does not induce the activation of microglia, the innate immune cells in the brain. 36 Finally, it is important to point out that our study focused on the formation and elimination of dendritic spines of layer 5 pyramidal cells in the superficial layer of mouse somatosensory cortex. Future studies of the effect of general anesthetics on other cell types and brain regions will be needed in order to obtain a more comprehensive under-standing of the effects of anesthetics on brain structure and function.
Our findings show that exposure to general anesthetics such as K-X and isoflurane has transient effects on filopodial (spine precursors) dynamics but does not affect dendritic spine plasticity in 1-month-old mice. Because these effects rapidly disappeared upon recovery, 4-h exposure to K-X or isoflurane does not appear to have a long-lasting detrimental effect on synaptic connections in adolescent rodents. The relevance of these findings to clinical anesthesia in infant and juvenile patients remains unclear, largely due to the substantial differences in neurodevelopmental time courses between rodents and humans. Although it is difficult to extrapolate the developmental stage of mouse brains to that of human brains, the timeline of synaptogenesis may offer a hint. In the cerebral cortex of mammals, including that of rodents and humans, rapid synaptogenesis during early postnatal life is followed by an up to 50% loss of synapses that extends through late postnatal development. [52] [53] [54] [55] [56] In mouse somatosensory cortex, for example, the synapse density peaks at approximately 2 weeks of age and decreases to adult level at approximately 2 months of age. 18, 30 In human visual cortex, the rapid synapse production ends at a postnatal age of approximately 8 months and the subsequent synapse elimination extends at approximately 3 years of age. 56 Assuming K-X and isoflurane have similar effects on synapse plasticity during the period of synapse pruning in both rodents and humans, our results would suggest that exposure to anesthetics for hours is likely safe for pediatric patients after the toddler stage.
